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Edited by Francesc PosasAbstract Global transcriptional proﬁles of Saccharomyces
cerevisiae were studied following changes in growth conditions
to high hydrostatic pressure and low temperature. These proﬁles
were quantitatively very similar, encompassing 561 co-upregu-
lated genes and 161 co-downregulated genes. In particular,
expression of the DAN/TIR cell wall mannoprotein genes, which
are generally expressed under hypoxia, were markedly upregu-
lated by high pressure and low temperature, suggesting the over-
lapping regulatory networks of transcription. In support of the
role of mannoproteins in cell wall integrity, cells acquired resis-
tance against treatment with SDS, Zymolyase and lethal levels
of high pressure when preincubated under high pressure and
low temperature.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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cerevisiae1. Introduction
Hydrostatic pressure and temperature are key parameters
that inﬂuence the rate constant of any chemical reaction and
have inﬂuenced the distribution of organisms on the earth.
Approximately, 70% of the earth is composed of oceans with
an average depth of 3800 m. Accordingly, the majority of the
earth is a high pressure, cold environment in terms of area
occupied. There is growing interest in understanding and
applications of deep-sea microbes under these extreme condi-
tions that have a signiﬁcant impact on the greater part of life.
However, there are practical limitations in manipulating their
genome and functional analysis as well as maintaining their
viability in laboratory conditions. Consequently, the funda-
mental understanding of the eﬀects of high hydrostatic pres-
sure on living cells remains fragmentary. To illustrate a more
explicit picture of the adaptation to high-pressure environ-
ments, systematic investigative approaches are desired.
We have been analyzing the eﬀects of high hydrostatic pres-
sure on living cells using the yeast Saccharomyces cerevisiae as
a model organism. One of our notable ﬁndings is that the
uptake of tryptophan is the limiting factor on growth under
pressure conditions of 15–25 MPa (approximately 150–*Fax: +81 46 867 9715.
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doi:10.1016/j.febslet.2007.09.039250 kg/cm2) [1]. Experimental wild-type strains usually have
several nutrient-auxotrophic markers such as trp1, leu2, lys2,
his3, ade2 and ura3. Regardless of other forms of auxotrophy,
trp1 cells exhibit marked growth defects at 15–25 MPa due to
reduced tryptophan uptake activity under pressure, while tryp-
tophan prototrophic strains are capable of growth under the
same conditions [1]. The eﬀect of high pressure is analogous
to that of low temperature on yeast cell growth. trp1 cells also
exhibit growth defects at 10–15 C and atmospheric pressure
(for simplicity, 0.1 MPa is used throughout to denote unpres-
surization), while tryptophan prototrophic strains do not [1].
Any factor that leads to increased tryptophan availability en-
ables trp1 cells to grow at both high pressure and low temper-
ature, e.g., overexpression of tryptophan permease Tat1 or
Tat2 [1–3], mutations in Rsp5 ubiquitin ligase [2], or disrup-
tion of the ubiquitin-speciﬁc protease genes [4].
In this study, global transcriptional proﬁles were studied in a
tryptophan prototrophic S. cerevisiae strain following changes
in growth conditions to high hydrostatic pressure and low tem-
perature. To avoid confusing the large-scale eﬀects observed in
this study with the previously described stress response to
lethal levels of high pressure (e.g., 150 or 200 MPa for 30 or
60 min) [5,6], the present investigation focused on the adapta-
tion allowing yeast cells to develop a defense system prior to
being subjecting to lethal levels of high pressure and low tem-
perature rather than as a consequence of cellular injury. The
expression of a subset of DAN/TIR cell wall mannoprotein
genes, which is known to be induced under hypoxia [7–9] or
low temperature [10–12], was also induced under high pres-
sure. The role of the DAN/TIR cell wall mannoproteins in
adaptation and tolerance to high pressure was therefore inves-
tigated. This study highlights the possibility that a reduction in
membrane ﬂuidity caused by hypoxia, high pressure or low
temperature could trigger DAN/TIR gene expression.2. Materials and methods
2.1. Yeast strain and culture conditions
The wild-type S. cerevisiae strain BY4742 (MATa his3D1 leu2D0
lys2D0 ura3D0; Invitrogen, Carlsbad, CA, USA) was grown in syn-
thetic complete medium with some modiﬁcations (SC, 0.67% yeast ex-
tract nitrogen base w/o amino acids, adenine sulfate 20 mg/L, uracil
20 mg/L, tryptophan 40 mg/L, histidine–HCl 20 mg/L, leucine 90 mg/
L, lysine–HCl 30 mg/L, arginine–HCl 20 mg/L, methionine 20 mg/L,
tyrosine 30 mg/L, isoleucine 30 mg/L, phenyalanine 50 mg/L, glutamic
acid 100 mg/L, aspartic acid 100 mg/L, threonine 200 mg/L, serine
400 mg/L, 2% D-glucose) [2]. Cell growth was examined at 0.1 MPa
and 24 C (control), 25 MPa and 24 C (high pressure) or 0.1 MPa
and 15 C (low temperature) as described previously [1,2].blished by Elsevier B.V. All rights reserved.
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Fig. 1. Cell growth of Saccharomyces cerevisiae strain BY4742 under
high pressure and low temperature. Cells were cultured under the
conditions described in the text. The OD600ap value was measured
immediately after decompression at every time point of culture. The
OD600 values were measured after appropriate dilution. Data were
represented as means ± S.D. (n = 3).
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Cells were grown until cell density of 1–2 · 107 cells/ml at 0.1 MPa
and 24 C had been reached with a volume of 50 ml in a 100-ml conical
ﬂask. Total RNA was prepared from the cells for the control sample as
described previously [13] using the hot phenol method [14]. Cells were
also incubated at 25 MPa and 24 C or 0.1 MPa and 15 C for 5 h, fol-
lowed by total RNA preparation. To average accidental errors in total
RNA preparation, equal amounts of total RNA puriﬁed from three
independent cultures under each condition were mixed and the mixture
was used for the experiments. Subsequent procedures including the iso-
lation of poly A+-RNA, sample labeling and hybridization for DNA
microarrays were performed by NimbleGen Systems Inc. (Madison,
WI, USA) and GeneFrontier Inc. (Tokyo, Japan). Fifteen perfectly
matching 60-mer probes for individual genes were used for hybridiza-
tion. Because this analysis yields results with a high conﬁdence level, a
1.5-fold diﬀerence between multiple samples generally corresponds
to the level of signiﬁcance (P < 0.05) obtained from hybridization
signals from 15 perfectly matching probes for each gene. The large-
scale DNA microarray data was deposited with Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/). The accession number
is GSE9136.
2.3. Reverse-transcriptase polymerase chain reaction
To conﬁrm the DNA microarray analysis, transcription levels of
some genes were analyzed with the reverse-transcriptase polymerase
chain reaction (RT-PCR) using a One Step RNA PCR Kit (TaKaRa
Bio Inc., Otsu, Japan) and relevant oligonucleotide primers. Total
RNA was prepared from cells cultured independent of those for the
DNA microarray analysis.
2.4. Resistance of cells against SDS, Zymolyase and a lethal level of high
pressure
Cells were incubated at 0.1 MPa and 24 C, 25 MPa and 24 C or
0.1 MPa and 15 C in SC medium for 5 h to yield a cell density of
1 · 107 cells/ml at the end of each culture. Subsequently, the cells were
exposed to 0.05% SDS in water or 500 lg/ml of Zymolyase 100 T (Sei-
kagaku Corporation, Tokyo, Japan) in 100 mM of potassium-phos-
phate buﬀer (pH 6.5) for 1 h, or exposed to a lethal level of high
pressure of 125 MPa at 24 C in water for 1 h. After these treatments,
the cells were spread on YPD agar plates, followed by incubation for 2
days at 24–30 C. The survival rate was expressed as colony-forming
units (CFUs) relative to no treatment.3. Results
3.1. Global transcriptional proﬁles during growth at high
pressure and low temperature
When exposed to pressure of 25 MPa at 24 C, the cells
showed a reduced growth rate but a normal growth curve with
an extended doubling time from 2.0 h to 3.7 h (Fig. 1). When
exposed to low temperature of 15 C at 0.1 MPa, the cells also
showed a reduced growth rate with a doubling time of 5.2 h
(Fig. 1). There was no reduction in cell viability upon exposure
to the pressure and temperature for at least 20 h (data not
shown). Global transcriptional analysis was employed with to-
tal RNA samples prepared from cells at 0 and 5 h after the
change in growth conditions to high pressure or low tempera-
ture.
The comparative results of transcriptional proﬁles revealed
that the majority of genes were transcribed at similar levels be-
tween the normal growth condition and high pressure with a
correlation coeﬃcient (R2) of 0.869 (Fig. 2A), and between
the normal growth condition and low temperature with an
R2 of 0.875 (Fig. 2B). Notably, there was greater similarity
in transcription levels between high pressure and low tempera-
ture with an R2 of 0.942 (Fig. 2C). Of the 6337 genes, 561 were
concurrently upregulated by high pressure and low tempera-
ture, while 161 were downregulated. Supplementary TablesS1 and S2 represent genes upregulated under high pressure
and low temperature, respectively. The remarkable similarity
in transcriptional regulation implies that intracellular overlap-
ping networks are involved in the adaptive responses to high
pressure and low temperature (Table 1, S1 and S2). Iwahashi
et al. [5], Fernandes et al. [6] and Iwahashi et al. [15] reported
on the numbers of genes upregulated by high pressure.
Although there are some overlaps in the genes identiﬁed here
and in their reports, the number of diﬀerentially expressed
genes is much larger. A direct comparison between these four
studies is invalid because yeast strains, media and especially
pressure conditions diﬀered (180 MPa at 4 C brieﬂy [5];
40 MPa at 4 C for 16 h [5]; 200 MPa at room temperature
for 30 min [6]; 30 MPa at 25 C overnight [15]). There are also
some overlaps in terms of low temperature-responsive genes
identiﬁed here and by Sahara et al. (0.25 to 8 h after shifting
to 10 C) [16] and Schade et al. (10–120 min after shifting to
10 C) [17] with greater diﬀerences.
One of the most striking but unexpected results was that the
transcriptional proﬁles under high pressure and low tempera-
ture were quite similar with those observed under low oxygen
levels (hypoxic or anaerobic condition) (Table 1). Particularly,
mannoprotein genes involved in remodeling of the cell wall
during anaerobiosis were dramatically up-regulated, which
were DAN1, TIR1, TIR2, TIR3, TIR4 and TIP1 responsive
to high pressure, while DAN1, TIR1, TIR2 and TIP1 respon-
sive to low temperature (Table 2). These are referred to as
the DAN/TIR genes comprising four DAN genes, four TIR
genes and TIP1 [11,12]. It has been also demonstrated that
TIP1, TIR1, TIR3 and TIR4 are induced by low temperature
but the DAN genes are not [11]. Most of genes upregulated un-
der hypoxia [9] were not induced by high pressure and low
temperature except for DAN1, TIR1, TIR2, FET4 and
HEM13. Kwast et al. also identiﬁed a number of anaerobic
Table 1
Genes up-regulated under high pressure and low temperaturea
ORF Gene name Ratio (HP/Normal)b ORF Gene name Ratio (LT/Normal)b
YJR150C DAN1 84.4 YNR034W–A – 46.6
YER011W TIR1 30.6 YER067W – 35.5
YGR008C STF2 17.0 YGR008C STF2 30.5
YGL121C GPG1 14.5 YIL111W COX5B 16.5
YIL111W COX5B 13.8 YNL015W PBI2 12.6
YNR034W–A – 12.9 YER011W TIR1 11.6
YLL009C COX17 9.5 YEL073C – 11.4
YER067W – 9.4 YEL039C CYC7 11.3
YCR096C HMRA2 9.2 YLL009C COX17 10.2
YHR216W IMD2 9.2 YFR015C GSY1 9.7
YJR073C OPI3 8.7 YHR039C–A VMA10 9.3
YHR039C–A VMA10 8.7 YJR073C OPI3 9.0
YDR056C – 8.6 YER053C PIC2 8.4
YEL073C – 8.4 YFR053C HXK1 8.4
YHR053C CUP1-1 7.9 YGL121C GPG1 8.2
YOR009W TIR4 7.7 YPR160W GPH1 7.7
YCR039C MATa2 7.7 YHR138C – 7.3
YCL035C GRX1 7.7 YKL053C–A MDM35 7.1
YHR055C CUP1-2 7.4 YDR056C – 7.0
YBR085C–A – 7.2 YMR271C URA10 7.0
YER044C ERG28 7.1 YOR215C – 7.0
YAR073W IMD1 7.1 YPL225W – 6.9
aGenes up-regulated >7-fold are listed. Other genes are listed in Supplementary Tables S1 and S2.
bNormal, 0.1 MPa and 24 C; HP, 25 MPa and 24 C; LT, 0.1 MPa and 15 C.
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Fig. 2. Comparison of transcription levels of 6337 yeast open reading frames among cells incubated under normal, high-pressure and low-
temperature conditions. Transcription levels analyzed using NimbleScan Software in DNA microarrays are expressed as arbitrary units (a.u.).
Table 2
Transcription of the cell wall mannnoprotein genes in response to high
pressure and low temperature
ORF Gene name Ratio
(HP/Normal)a
Ratio
(LT/Normal)a
YJR150C DAN1 84.4 6.5
YLR037C DAN2 1.2 1.4
YBR301W DAN3 1.1 1.0
YJR151C DAN4 1.2 1.7
YER011W TIR1 30.6 11.6
YOR010C TIR2 5.3 5.1
YIL011W TIR3 6.6 1.9
YOR009W TIR4 7.7 1.0
YBR067C TIP1 5.0 3.4
YKL096W CWP1 0.3 1.0
YKL096W–A CWP2 1.0 0.9
aNormal, 0.1 MPa and 24 C; HP, 25 MPa and 24 C; LT, 0.1 MPa
and 15 C.
F. Abe / FEBS Letters 581 (2007) 4993–4998 4995genes involved in cell wall synthesis, lipid and fatty acid metab-
olism, carbohydrate metabolism and cells stress [7]. However,
most of their expressions remained unchanged upon shifts to
high-pressure and low-temperature growth except for DAN/
TIR and some erogosterol biosynthetic genes. These compara-
tive observations indicate that transcriptional regulations
responsive to high pressure and low temperature is generally
diﬀerent from those to hypoxia but imply fascinating cros-
stalks in regulatory networks of the DAN/TIR transcription.
However, for the following reason, the DNA microarrays in
this study might still include hypoxia-induced changes in
transcription without relation to high-pressure response: be-
cause of a technical limitation in high-pressure experiments,
cells were necessitated to be placed in closed high-pressure
chambers where oxygen was no more supplied. Conse-
quently, the cells might induce the DAN/TIR genes as hypoxic
response.
4996 F. Abe / FEBS Letters 581 (2007) 4993–4998To control all culture conditions under the same limited oxy-
gen level, the reference cells were also cultured in the closed
chamber for 5 h (Fig. 3B). In addition, to solve any gas bub-
bles in the medium, cells were subjected to a small level of
hydrostatic pressure, i.e. 2 MPa and 24 C (instead of
0.1 MPa and 24 C, normal condition) and 2 MPa and 15 C
(instead of 0.1 MPa and 15 C, low-temperature condition),
as well as at 25 MPa and 24 C (high-pressure condition) (data
not shown). Then, RT-PCR was employed to analyze tran-
script levels of several genes. RT-PCR was also employed for
cells cultured as for the DNA microarrays for comparison
(Fig. 3A). When lacking a reverse-transcriptase in the reaction
mixture, no DNA fragment was ampliﬁed by RT-PCR, indi-
cating that there was no contamination of genomic DNA in to-
tal RNA samples (data not shown). Supporting the DNA
microarray results mostly, the transcript levels of DAN1,
DAN2, TIR1 (upper band) and TIR4 were higher at 25 MPa
and 24 C than those under the normal condition, and the
transcript levels of DAN1, DAN2, TIR1 (upper band) and
TIR3 were higher at 0.1 MPa and 15 C than that under the
normal condition (Fig. 3A). Similarly, the transcript levels of
DAN1, TIR1 (upper band) and TIR4 were higher under high
pressure and/or low temperature than those under the normal
condition without shaking (Fig. 3B). These results support the
concept that upregulation of the subset of DAN/TIR genes is
related to the adaptive responses to high pressure and/or low
temperature. It is known that CWP1 and CWP2 encode man-
noproteins abundant in the cell wall and play a role in cell wall
integrity under aerobic conditions. CWP1 and CWP2 are
turned oﬀ during anaerobiosis concomitant with the induction
of TIR gene expression [11]. In the present RT-PCR study,
however, CWP1 and CWP2 expression remained unchanged
except for CWP1 expression under a high-pressure conditionFig. 3. Transcription levels of genes analyzed using RT-PCR. Culture
conditions are given below the panels (A, B). Preparation of total
RNA and RT-PCR analysis were carried out as described in Section 2.
HP, high pressure: LT, low temperature.(Fig. 3B), suggesting that the oxygen level is likely to be suﬃ-
cient to maintain the transcription of these genes. These results
support the idea that up-regulation of the subset of DAN/TIR
genes has a relevance of adaptive responses to high pressure
and/or low temperature but that of others observed in DNA
microarrays could be a consequence of hypoxic response.
Abramova et al. have demonstrated that deletions for TIR1,
TIR3 and TIR4 resulted in growth defects under anaerobic
condition [11]. It is revealed that deletion mutants for TIR1,
TIR3, TIR4, DAN1 and TIP1 showed nearly normal growth
rates relative to those observed in shaking cultures (150 rpm
at 0.1 MPa and 24 C), indicating that the culture condition
in this study was not signiﬁcantly anaerobic (data not shown).
Another observation to be addressed is that none of single
deletions for TIR1, TIR3, TIR4, DAN1 and TIP1 inﬂuenced
growth under high pressure and low temperature, suggesting
their overlapping functions (data not shown). Members of
the DAN/TIR genes encode proteins that have a C-terminal re-
gion containing a glycosyl-phosphatidylinositol (GPI) anchor
site, and most of them are GPI linked into the outer layer of
the cell wall [10]. Changes in the DAN/TIR expression inﬂu-
ence cell wall porosity, and thereby could partly inﬂuence the
permeability of solutes across the plasma membrane.3.2. Acquired resistance to cell wall perturbing treatments
Presumably, upregulation of the DAN/TIR genes could re-
sult in enhanced resistance to conditions that perturb the cell
wall and plasma membrane. To examine this possibility, cells
were incubated at 0.1 MPa and 24 C, 25 MPa and 24 C or
0.1 MPa and 15 C for 5 h, followed by treatment with
0.05% SDS in water for 1 h. The viability decreased by about
20% in 0.05% SDS when the cells were not preincubated under
high pressure or low temperature (Fig. 4A). Remarkably, the
cells acquired marked resistance to SDS treatment after incu-
bation at low temperature (P < 0.005), while the resistance
was moderate after incubation under high pressure (P < 0.2)
(Fig. 4A). This result raises the possibility that enrichment of
mannoproteins in the cell wall prevents SDS molecules from
accessing the plasma membrane. To test the role of the
DAN/TIR genes in acquired SDS resistance, the same analysis
was carried out in some of the deletion mutants. When grown
at 0.1 MPa and 24 C, there was no measurable diﬀerence in
SDS resistance between the wild-type and the deletion mutants
(Fig. 4B). However, DAN1 and TIR1 deletions conferred im-
paired SDS resistance on cells incubated under high pressure,
whereas the DAN1 deletion conferred impaired SDS resistance
on cells incubated at low temperature (Fig. 4B). These results
suggest that TIR1 and/or DAN1 are likely to have a role in the
acquired resistance to SDS. In support of this observation,
cells also acquired marked resistance to Zymolyase 100T treat-
ment (500 lg/ml, 1 h) after incubation at low temperature
although high-pressure incubation had no eﬀect (Fig. 4C).
Pressure greater than 100 MPa is known to disrupt the ultra-
structure of yeast cells including the plasma membrane, organ-
elles, nuclear membrane and cell wall and to cause
denaturation of cellular proteins (reviewed in [18]). Cells ac-
quired marked resistance to a lethal level of high-pressure
treatment (125 MPa and 24 C, 1 h) particularly when preincu-
bated under high pressure, suggesting the role of the DAN/TIR
mannoproteins in protection against lethal levels of hydro-
static pressure (Fig. 4D). Recently, Domitrovic et al. demon-
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Fig. 4. Acquired resistance to cell wall-perturbing treatment during incubation under high pressure and low temperature. Cells were preincubated at
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after preincubation under the given conditions for 5 h. The viability of the cells was determined as means ± S.D. (n = 3) of relative colony-forming
units (CFUs) after incubation on YPD agar for 2 days.
F. Abe / FEBS Letters 581 (2007) 4993–4998 4997strated that the Msn2/Msn4 transcription factors play a role in
acquired resistance to higher pressures (100–200 MPa) during
exposure to pressure of 50 or 70 MPa [19]. Therefore, genes
under the control of Msn2/Msn4 also contribute to higher-
pressure resistance acquired during high-pressure or low-tem-
perature incubation.4. Discussion
The results of this study demonstrate that the subset of
DAN/TIR genes, which are well documented to be anaerobic
genes, were dramatically upregulated by high pressure and
low temperature. The central issue to be addressed is how
seemingly unrelated environmental factors induce DAN/TIR
gene expression in yeast. Abramova et al. speculated that cells
exhibit reduced membrane ﬂuidity under hypoxia as a possible
outcome of anaerobiosis and at low temperature as a result of
reduced lateral diﬀusion and increased microviscosity [11].
Their ﬁndings agree well with those observed here in light of
the eﬀects of high hydrostatic pressure on membranes: increas-ing pressure as well as decreasing temperature enhances the
order of hydrocarbon chains and decreases membrane ﬂuidity.
In artiﬁcial lipid bilayers such as dipalmitoylphosphatidyl-
choline, the temperature for the main transition (Tm) from
the ripple gel (Pb
0) phase to the liquid crystalline (La) phase
is 41.6 C at 0.1 MPa but the Tm value is increased to 66 C
at 100 MPa [20]. Even though biological membranes do not
exhibit a clear phase transition, the membranes are inevitably
ordered by increasing pressure or decreasing temperature
[21,22]. In this sense, a membrane sensor(s) is likely to exist
in the membrane and may transduce the changes in membrane
ﬂuidity into intracellular signals that stimulate transcription of
the DAN/TIR genes. One element (designated AR1) is present
in all of the DAN/TIR promoters and is the target of the tran-
scriptional activator Mox4/Upc2 [12,23]. Whether high pres-
sure-induced DAN/TIR expression depends on Mox4/Upc2,
and if so how Mox4/Upc2 is regulated by high pressure, are
primary questions. Mox4/Upc2 and Ecm22 are required for
the induction of ergosterol biosynthetic gene (ERG) expression
when sterol levels are reduced [24]. In our recent study, we
have demonstrated that deletion mutants for ERG6, ERG2,
4998 F. Abe / FEBS Letters 581 (2007) 4993–4998ERG3, ERG5 and ERG4 show marked growth defects under
high pressure and low temperature although they normally
grow even in a closed system at 0.1 MPa without an oxygen
supply (manuscript in preparation). A hemoprotein complex,
cytochrome c oxidase, is expected to be an oxygen sensor that
induces two hypoxic genes, OLE1 and CYC7, under anaerobic
conditions [25], but is unlikely to act as high-pressure and low-
temperature sensor for induction of DAN/TIR gene expres-
sion.
In our global functional analysis using a yeast deletion
library, we revealed that a number of genes encoding transcrip-
tional regulators such as the CCR/NOT complex are essential
for growth under high pressure (manuscript in preparation).
Investigations of the roles of these genes could unravel the
mystery of cellular responses to high pressure and low temper-
ature including upregulation of the DAN/TIR genes and lead
to the identiﬁcation of sensor proteins responsive to high pres-
sure and low temperature.
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